During machining process the knowledge of the temperature is the most important factor in tool analysis. It allows to control main factors that influence tool use, life time and waste. The temperature in the contact area between the piece and the tool is resulting from the material removal in cutting operation and it is too difficult to be obtained because the tool and the work piece are in motion. One way to measure the temperature in this situation is detecting the infrared radiation. This work presents a new methodology for diagnosis and monitoring of machining processes with the use of infrared images. The infrared image provides a map in gray tones of the elements in the process: tool, work piece and chips. Each gray tone in the image corresponds to a certain temperature for each one of those materials and the relationship between the gray tones and the temperature is gotten by the previous of infrared camera calibration. The system developed in this work uses an infrared camera, a frame grabber board and a software composed by three modules. The first module makes the image acquisition and processing. The second module makes the feature image extraction and performs the feature vector. Finally, the third module uses fuzzy logic to evaluate the feature vector and supplies the tool state diagnostic as output.
INTRODUCTION
The knowledge of the tool wear is one of the most important factors for controlling and automating the machining processes in manufacturing systems. Tool wear is related to parameters, such as cutting speed, feed rate depth of cut and arise as a consequence of mechanisms triggered by temperature and stress on the tool surface. It responds for several failures during the machining operations as well and can strongly affect tool and machine performance, surface quality, among others [ 1] , [2] , [3] , [4] , [5] . Research works have extensively been searching for new variables to describe the tool wear in a way the it can be inferred throughout the monitoring of different signals, which might be related to the wear mechanisms during the machining processes. One of the most important parameter is the temperature at the cutting region [6] , [7] , [8] , [9] , [10] , [1 1] . The present work presents an innovative method for measuring tool wear in real time with the use of fuzzy logic and image data processing. To achieve this goal, a system has been developed, constituted by three modules: infrared image acquisition, image processing and interpretation and decision making.
The system developed yielded a customized solution with the following features: user friendly interface, automatic calculations of temperature at different regions and with different materials, machining images displays, isotherms plotting, automatic feature extraction and automatic decision making [12] , [13] , [10] , [1 1] . The technical specifications of the experiments made are described below. The image acquisition is done using the infrared camera AGA Thermovision 720 adapted to a coupling system and a frame grabber (MICROVIDEO DC3O MIro). LabView was the data acquisition system used running on hardware from National Instruments. The workpiece used a cold draw AISI 1045 steel, machined with a inserts WNMG 06 04 08-PM, P15 clamped in a tool support MWLNL2S25-06. Machining operation used a lathe INDEX GU-600, 22 Kw, maximum rotation 5000 rpm. Cutting conditions was: depth of cut 0.2 and 0.4 mm, feed rate 0.07, 0.25 and 0.5 mm/rev and cutting speed 295, 396 and 497 rn/mm.
THE SYSTEM DEVELOPMENT
The infrared image yields a map in gray levels of all material involved in the cutting process: workpiece, tool, chip and cutting fluid. The luminosity of each pixel in the image corresponds to the peak energy for the different wavelengths of the infrared spectrum, coming from the temperature during the cutting process. The gray level map is converted into temperature map using a calibration curve which was drawn previously using the same camera and the different materials that could be used in the process [14] , [15] , [16] , [17] . When controlling a machining process, it is essential to identify cutting tools that are no longer capable to meet the required specifications due to wear. Information about the wear progress and the best features to be considered as input to the system were obtained from studying the images for different stages of the tool wear, new, worn and at the final life stage. The method used for feature extraction in this work was the statistical method. It describes the model by statistical rules, which steer the distribution and the list of gray levels. The statistical data can be computed indirectly from the image histogram and the process features chosen were the gray level average and standard deviation, kurtosis, energy and entropy. The diagnosis system developed is based on the fuzzy inferring. The fuzzy algorithm has functions and rules which allow a discrimination and classification of tool wear state during the cutting process, according to patterns previously established. The fuzzy set was initially proposed by Zadeh (1965) as an extension to the classical sets. The fuzzy set allows to represent vague concepts expressed in natural language [18] , [19] , [20] , [21] , Figure 1 shows the evolution of the gray levels in the infrared images, as a function of tool wear. It can be noted that asthe tool goes through crescent wear states: new, good, medium, worn and end of life, the infrared image registers crescent luminosity intensity. The gray levels correspond to temperatures varying from 180 to 1400 °C Tool condition X 1ircy level The system developed used five fuzzy sets as input, represented by the five features extracted from the first order infrared images acquired during the cutting operations and a output fuzzy set represented by the variable wear. For each fuzzy set pertinence functions are defined, also called membership functions, which describe the elements pertinence within each fuzzy set. For the determination of these functions, experiments were performed (cutting operations) varying the wear level of the tools. Table 1 shows the membership functions selected for each fuzzy set. The membership functions of the fuzzy set "average" are shown in Figure 2 . Similarly, it was determined the pertinence functions for the other fuzzy sets: standard deviation, Kurtosis, energy and entropy.
To represent fuzzy set "tool wear", it has been chosen the following membership functions: lowest, low, intermediate, high and highest, as shown in Table 2 . The membership functions of the fuzzy set wear are shown in Figure 3 . The elaboration of the inference rules was the result of intense research study about the phenomenon of interest, that is tool wear, which allowed to correlate the input variables and the output.
RESULTS AND CONCLUSIONS
The calibration curves were obtained for the different materials. These curves were used by the software to generate plots of isotherms on the tool, workpiece and material chips providing the user with more accurate data on the tool performance. The determination of the fuzzy sets, membership functions and inference rules is the diagnosis engine of the system. The system receives the input the features matrix as input, and outputs an index corresponding to the tool wear.
For the assessment of the diagnosis system, experiments were performed with various cutting tools with different levels of wear well known previously (provided by an experienced tool operator), 300 images were tested. The results are presented in Table 3 . 
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From the data obtained in Table 5 , one can conclude that the system has performed accordingly in all stages, starting from the infrared image acquisition, then image the pre-processing, feature extraction, determination of membership functions, inference rules elaboration up to the determination of tool wear. The developed system is reliable, with a correct answer in 99% of the cases. This work is an innovative contribution for the automation in manufacturing systems and similar that have temperature related characteristics.
